The stable carbon isotope composition of isoprene emitted from leaves of red oak (Quercus rubra L.) was measured. Despite the importance of isoprene in atmospheric chemistry, little is known about the biogenesis of isoprene (15). One method of studying the biosynthetic pathway of compounds is to measure the fractionation between stable carbon isotopes during biosynthesis. This method can also give information about the size of the precursor pool by feeding precursors of different isotope ratios; in the case of isoprene, we used CO2 assimilated by photosynthesis as the precursor. Carbon assimilated by photosynthesis is fractionated by ribulose-1,5-bisP carboxylase (7). Methods for estimating the isotope composition of carbon recently fixed by photosynthesis using "on line fractionation" have been reported (5).
leaf carbon to the same degree as isoprene, but fatty acids were more depleted. Isoprene emitted from leaves fed abscisic acid was much less depleted in 13C than was isoprene emitted from unstressed leaves. We conclude that isoprene is made from an isoprenoid precursor that is derived from acetyl-CoA made from recent photosynthate. The carbon isotope composition of isoprene in the atmosphere is likely to be slightly more negative (less 13C) than C3 plant material but when plants are stressed the isotopic composition could vary.
The largest source of nonmethane hydrocarbons in the atmosphere is biogenic isoprene released by many trees (13) , ferns (17) , and tropical plants (12) . Carbon lost from plants to the atmosphere as isoprene can account for up to 8% of the carbon assimilated by photosynthesis (8, 10) . The rapid decomposition of isoprene in the atmosphere results in significant quantities of 03 (1, 18) , CO (21) , and organic acids (18) in the lower atmosphere. Light-scattering particles can also be formed giving rise to a blue haze in the atmosphere (20) .
Despite the importance of isoprene in atmospheric chemistry, little is known about the biogenesis of isoprene (15) . One method of studying the biosynthetic pathway of compounds is to measure the fractionation between stable carbon isotopes during biosynthesis. This method can also give information about the size of the precursor pool by feeding precursors of different isotope ratios; in the case of isoprene, we used CO2 assimilated by photosynthesis as the precursor. Carbon assimilated by photosynthesis is fractionated by ribulose-1,5-bisP carboxylase (7) . Methods for estimating the isotope composition of carbon recently fixed by photosynthesis using "on line fractionation" have been reported (5) . ' Research supported by National Science Foundation grant DCB 8915479.
Another major fractionation of carbon isotopes in plants occurs during the formation of acetyl-CoA (4). This fractionation occurs only in the carbonyl carbon; the isotopic composition of the methyl carbon is unchanged. The discrimination against the heavy isotope "C by pyruvate dehydrogenase complex results in lipids being depleted in 13C relative to the rest of the carbon in the plant (1 1). Products of the mevalonic acid pathway such as fl-carotene should also be depleted in "3C. However, compounds derived from isopentenyl pyrophosphate are derived 40% from ("3C depleted) carbonyl carbons of acetyl-CoA, while fatty acids are derived equally from carbonyl and methyl carbons. Therefore, it is expected that ,B-carotene and other products of isopentenyl pyrophosphate will exhibit only 80% of the fractionation exhibited by fatty acids.
We determined the carbon isotope composition of recently fixed carbon using "on line" fractionation determinations (5) and measured the isotope composition of isoprene emitted from oak leaves. We used two CO2 sources which differed in carbon isotope composition. We also measured the carbon isotope composition of fatty acids and A-carotene extracted from oak leaves. Finally, we measured the carbon isotope composition of isoprene emitted from detached leaves which had been fed ABA.
MATERIALS AND METHODS

Definitions of Terms
Isotope compositions, 6 (3) .
Gas Exchange
The rate of isoprene emission and photosynthesis was calculated as in Loreto and Sharkey (8) . CO2 was collected by pulling 160 mL air min-' through a vacuum line with two dry ice-ethanol traps for water followed by a 3-coil liquid N2 trap. CO2 was trapped for 10 min and was analyzed without further manipulation. No N2O was found in our synthetic air. Isoprene was trapped in the same vacuum line by putting a column of soda lime in the line to remove CO2. We confirmed by MS that isoprene was collected in this way. After trapping for 3 to 5 h, the isoprene was transferred to a quartz tube containing CuO and metallic silver. While under vacuum, the tube was sealed with a torch. The isoprene was combusted at 850°C and the resulting CO2 was trapped as described above. Carbon isotope ratios were determined on a Finnigan isotope ratio mass spectrometer (either model Delta E or model 251).
We determined the 6 value of recently fixed carbon by measuring the value of the CO2 in air fed to a leaf in a chamber and of the CO2 in the air exiting the chamber after about 30% of the CO2 had been removed by photosynthesis. From the enrichment in 13C02 we calculated the value of recently fixed carbon in the leaf using the technique described by Evans et al. (5) .
Extraction of Lipids
Lipids were extracted as described by Christie (2). Saponification was carried out at room temperature overnight and saponifiable lipids (fatty acids) were put into a quartz combustion tube with CuO and silver. The nonsaponifiable lipids were separated by HPLC (16) and fl-carotene was collected and then dried in a quartz combustion tube as above. 
RESULTS AND DISCUSSION
The isoprene produced by the leaf had a more negative 6 value than that estimated for recently fixed carbon, indicating discrimination against 13C during the synthesis of isoprene beyond the discrimination of ribulose-1 ,5-bisP carboxylase. The isotope effect (A) between the calculated isotope composition of recently fixed carbon and isoprene emitted from the leaf averaged 2.8 ± 0.4%o (n = 6) ( Table I) .
fl-Carotene was depleted in 13C relative to whole leafcarbon (Table II) to the same degree as isoprene was depleted relative to recently fixed carbon (Table I) . However, total lipids and fatty acids were more depleted than fl-carotene ( Table II) . Assuming that all of the fractionation observed in fatty acids resulted from light carbonyl carbons of acetyl-CoA (4), and given that fatty acids are derived 50% from carbonyl atoms and isoprenoids are only 40% derived from carbonyl atoms, the expected discrimination for f-carotene is 80% of that found in fatty acids. We found the discrimination in fcarotene to be 64% of that in fatty acids, which we believe to be in good agreement with the predicted value.
The similar isotope effects that occur during isoprene and f-carotene synthesis indicate that isoprene is likely synthesized from acetyl-CoA. It is most likely that the acetyl-CoA is derived from pyruvate (19) . In this pathway, three pyruvate molecules are converted to one isoprene plus four CO2 mol- ecules. Therefore, the carbon cost to plants of isoprene emission is 1.8 times greater than the five carbons lost per isoprene. Conversion of pyruvate to isoprene by the mevalonic acid pathway requires three ATP and two NADPH, but produces three NADH for a net gain of reducing power. Chloroplastic glyceraldehyde 3-P dehydrogenase uses NADH as well as it uses NADPH (9). The high reduction status ofisoprene comes from the release of fully oxidized carbon, CO2, rather than from electrons from photosynthetic electron transport, according to this interpretation.
In three experiments the 6 value of the CO2 in the air entering the leaf chamber was -34.4%o, typical of natural gas or petroleum. In three other experiments, a tank of CO2 with a 6 value of-10.1 %o was used. Overall, the 6 value of isoprene depended upon the a value of the source C02, while the calculated isotope effect was unaffected by the 3 value of the source. This indicates that carbon in isoprene is derived from recently fixed carbon, not a large preexisting pool of fixed carbon as had been indicated by earlier experiments (14) .
Isoprene synthesis could depend upon a preexisting pool of carbon when the stomata of the leaf are closed, and this could alter the 6 value of the emitted isoprene. In particular, we wondered if recycling of carbon within leaves could cause the 6 value of emitted isoprene to be very negative. Stomatal closure is likely to occur in nature on hot, dry days when isoprene emission is likely to be significant (15) . To cause stomatal closure, we cut leaves off of oak trees and fed 100 ,UM ABA through the petiole. Stomatal conductance for CO2 was reduced by over 90% within an hour, then isoprene was collected and combusted as before. The 3 value of isoprene was less negative than the leaf material (Table III) . This result is reasonable if isoprene was derived from what little photosynthesis was occurring, and the CO2 diffusion resistance was preventing substantial fractionation during photosynthesis (6) . Isoprene emission as a proportion of the rate of CO2 assimilation varied from 4 to 15%. If the fractionation during isoprene synthesis was 2.8%o, as reported above, then the 6 values for isoprene reported in Table III can be used to estimate that the p(CO2) inside the leaves was between 50 and 70 ,ubar. This is consistent with the rate of photosynthesis which was measured. We conclude from these experiments that (a) isoprene is made from recent photosynthate, since changing the source CO2 3 value resulted in a similar change in the 6 value for isoprene; (b) the carbon which constitutes isoprene is fractionated both during the initial fixation of CO2 by ribulose-1,5-bisP carboxylase and during the formation of acetyl-CoA by pyruvate dehydrogenase complex; and (c) isoprenoids exhibit less fractionation than do fatty acids consistent with the results of De Niro and Epstein (4) who found that only the carbonyl carbon of acetyl-CoA exhibits fractionation. For modeling and global inventory purposes, we suggest that the carbon isotope composition of isoprene be assumed to be 2.8%o more negative than the carbon in C3 plant material, but it should also be realized that the 6 value can be affected by the plant's response to environmental conditions. LITERATURE CITED
